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REMARKS 

Claims 32-57 and 72-76 were pending in this application prior to this Response, with 
claims 38 and 40 being withdrawn pursuant to a restriction requirement. By the present 
communication, no claims are added or cancelled, and claims 32, 34, 41 and 74 have been 
amended to define Applicants' invention with greater particularity. The amendments add no new 
matter, being fully supported by the pending application and original claims. Accordingly, 
claims 32-57 and 72-76 are pending in this application, with claims 38 and 40 being currently 
withdrawn. 

The Rejection under 35 U.S.C. § 112, Second Paragraph 

Applicants respectfully traverse the rejection of claims 32-57 and 72-76 under 35 U.S.C. 
§ 1 12, second paragraph, as being indefinite in recitation of the name "JAM" due to alleged 
failure to convey what the Applicants see as the invention. To overcome the rejection, 
Applicants have amended claim 32 to recite instead a "JAbl/Mpn domain Metalloenzyme (JAM)". 
In view of the amendment to claim 32, Applicants submit that all requirements under 35 U.S.C. 
§ 1 12, second paragraph, are now met. Accordingly, reconsideration and withdrawal of the 
rejection are respectfully requested. 

The Rejection under 35 U.S.C. § 103 

A. Applicants respectfully traverse the rejection of claims 32-37, 39, 41, 47-57 and 72-76 
under 35 U.S.C. § 103 for allegedly being unpatentable over the disclosure of Glickman et al. 
(Moland Cell Biol 1998 18(6) : 3149-3162; hereinafter "Glickman") in view of Deshaies et al. 
(Annu Rev Cell Dev Biol 1999 15:435-67; hereinafter "Deshaies") and Reiss et al (U.S. Patent 
No. 5,976,796; hereinafter "Reiss"). Applicants respectfully submit that the invention methods 
of identifying an agent that affects isopeptidase activity, as defined by amended claim 32, 
distinguish over the combined disclosures of Glickman, Deshaies and Reiss by requiring: 
"contacting a test agent with a polypeptide comprising a JAbl/Mpn domain Metalloenzyme 
(JAM) domain consisting essentially of an amino acid sequence of HXHXXXXXXXXXXD, 
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wherein H is histidine, D is aspartate, and X is any amino acid, wherein the isopeptidase activity 
deconjugates a modifier protein from a target protein by cleavage of a peptide bond formed 
between the carboxy terminus of the modifier protein and a free amino group of the target 
protein in proximity to a metal ion." 

Applicants submit that Glickman is absolutely silent regarding a method of identifying an 
agent that affects isopeptidase activity of a polypeptide comprising a JAM domain consisting 
essentially of the claimed sequence or any other sequence. Glickman also fails to disclose that 
the protein subunit responsible for accomplishing the deconjugation is an isopeptidase that 
functions only in proximity to a metal ion, in other words, that a polypeptide comprising the 
JAM domain as claimed by Applicants is a novel metallo-isopeptidase. Although Glickman 
purports to describe the active site in the Rpnl 1/Mprl protein (Glickman page 3153 final 
paragraph), the description was in error, an error that those of skill in the art were quick to point 
out, as Applicants will detail below. Thus, Applicants submit that Glickman is silent regarding 
any method for identifying an agent that affects isopeptidase activity of a polypeptide that 
comprises a JAM domain as required by amended claim 32, and which deconjugates a modifier 
protein from a target protein by hydrolyzing a peptide bond "formed between the carboxy 
terminus of the modifier protein and a free amino group of the target protein in proximity to a 
metal ion." 

To cure the deficiencies of Glickman for suggesting the invention methods, the Examiner 
relies upon Deshaies as disclosing that "ubiquitin ligases are all ubiquinated during the 
proteolysis in eukaryotic cytosol, wherein specific proteins are degraded by the 26S proteasome" 
(Office Action, page 4). However, Deshaies' disclosure is focused on the multi-enzyme 
systems necessary for ubiquitination of proteins, especially the SCF complex that marks a variety 
of regulatory proteins for destruction by the 26S proteasome. Deshaies is silent regarding the 
JAM domain or the exact cleavage site for which the JAM domain is active. Therefore, 
Applicants respectfully submit that Deshaies' comments fail to provide any suggestion as to the 
structure of the ubiquitin-dependent pathway, the mechanism by which a deconjugating enzyme 
works, or the structure of the enzymatic site in the conjugate. 
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Therefore, Applicants submit that the combined disclosures of Glickman and Deshaies 

would not motivate those of skill in the art to understand that ubiquitin is one example of a 

"modifier protein" whose attachment to a substrate controls cell cycling or that modification of 

such control can be achieved by modifying deconjugation of the "modifier protein" "via a 

peptide bond formed between the carboxy terminus of the modifier protein and a free amino 

group of the target protein". In addition, it was known in the art at the filing of the application 

that Ub-protein conjugates undergo two different fates: degradation of the protein substrate by 

the 26S proteasome or disassembly by ubiquitin isopeptidases to regenerate the protein substrate 

by disassembling the degradation signal from only the distal end of poly-ubiquinated chains (See 

attached Abstract Lam et al, "Editing of ubiquitin conjugates by an isopeptidase in the 26S 

proteasome" Nature. 1997 385(6618) :737-40). Thus there is no suggestion at all in the 

combined disclosures of the Glickman and Deshaies that an isopeptidase having a JAM domain 

as disclosed by Applicants is specific for cleaving the conjugate to completely remove the 

modifier protein (i.e., at the peptide bond that joins the modifier protein to the target protein. 

Moreover, both references are silent regarding the requirement for the presence of a metal ion at 

the deconjugation site and regarding the presence in the metalloprotease of a JAE^subunit as 

* — — ■ — 1 

required by Applicants. 

Moreover, Applicants respectfully submit that even if the combined disclosures of 
Glickman and Deshaies were sufficient to motivate those of skill in the art "to try" the invention 
methods there would be no reasonable expectation of success because at the time the final draft 
of Glickman' s paper was accepted for publication, it was not yet known that the cullin subunit of 
SCF is modified by Nedd8. In fact, it had been incorrectly reported by the Tyers group in 1996 
that cullin is modified by ubiquitin. In addition, the molecular identification of mammalian 
COP9 Signalosome subunits and the similarity of COP9 Signalosome to the proteasome was not 
reported until July of 1998. Thus, at the time of Glickman' s finding, those skilled in the art 
could not have concluded that the COP 9/Signalosome polypeptide must be cleaving Nedd8 from 
cullin or deconjugating any other modifier protein from a target protein, wherein the modifier 
protein is conjugated to the target protein via a peptide bond formed between the carboxy 
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terminus of the modifier protein and a free amino group of the target protein in proximity to a 
metal ion. 

Moreover, Glickman is in error in proposing that Rpnl 1 might be a cysteine-based 
deubiquitinating enzyme, based on a sequence alignment suggesting the existence of a conserved 
cysteine in a region with limited homology to other deubiquitinating enzymes. It has been 
shown that this alignment is bogus on theoretical grounds and in their publication Cope et al. 
(Science 298{5593):608-l 1, Oct. 2002, a copy of which is attached) showed that the mutation of 
the cysteine identified by Glickman had no effect on Nedd8 isopeptidase activity. Glickman's 
group reached the same conclusion and reported in a recent paper that the conserved Cysl 16 
residue "does not appear to be an essential residue in Rpnl 1" (Maytal-Kivity V., et al., BMC 
Biochem. 3:28, 2002, see abstract, a copy of the reference is attached, see page 4 of 12). Thus, 
the structural basis for the original suggestion made in Glickman (1998) that Rpnl 1 is a cysteine- 
based deubiquitinating enzyme has been refuted by those of skill in the art. 

Moreover, the cited Glickman reference suggests its own error, a suggestion completely 
overlooked by the Examiner in the cited reference. Glickman states: "our proteasome 
preparations had low activity in several deubiquitinating assays" (Glickman, p. 3158, 
penultimate paragraph). In the next sentence Glickman admits there is no evidence that the 
deubiquitinating activity shown is Rpnl 1 -dependent. The most recent publication from 
Glickman's lab reaches the conclusion that the deubiquitinating activity seen in the proteasome 
preparation stems from Ubp6, not Rpnl 1. Moreover, data in R. Verma et al. unambiguously 
showed that Ubp6 deubiquitinating activity is irrelevant to deubiquitinating of a proteasome 
substrate (Science (2002) 298:61 1-615 and online published supplement to Verma et al., a copy 
of which is attached). 

Accordingly, Applicants submit that those of skill in the art who read Glickman with care 
would not have been motivated by the combination of Glickman, Deshaies and Reiss to arrive at 
the invention methods. Clearly, those of skill in the art were quick to point out Glickman's 
errors. Even if others of skill in the art had been so motivated, Applicants submit that in view of 
Glickman's doubt that the deubiquitinating activity shown is actually Rpnl 1 -dependent (referred 
to above), there would not have been a reasonable expectation that a broad range of biological 
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processes dependent upon conjugation and deconjugation of a modifier protein, such as ubiquitin 
or Nedd8, could be modified by utilizing an Rpnl 1-type molecule. Especially, there would have 
been no reasonable expectation that an agent could be identified that affects isopeptidase activity 
of a JAM-containing polypeptide by determining deconjugation of a broad range of biological 
processes could be modulated by contacting the peptide bond joining a modifier protein and a 
target protein, as required by Applicants' claims, with a polypeptide comprising a domain that 
consists essentially of the JAM domain required in amended claim 32 because the combined 
disclosures of Glickman and Deshaies fail to disclose the sequence of the active site of a JAM- 
containing polypeptide or the claimed substrate site for which the isopeptidase has activity. 

The Examiner relies upon Reiss as disclosing that "hydroxyamates act as specific 
inhibitors of the binding of the NH2-terminal residue of proteins." However, Reiss actually 
concludes that the ubiquitin ligase has separate subsites specific for basic or bulky hydrophobic 
NH-2 residues for which ligation is blocked by peptide inhibitors having homologous amino acid 
derivatives with NH2-terminal residues similar to that of the protein.. But Reiss identifies a third 
type of protein that interacts with the ligase at regions of the molecule other than the NH2- 
terminal residue and ligation of such proteins is not blocked by peptide inhibitors having a 
homologous amino acid derivative with NH2 — terminal residues similar to that of the protein 
target. Thus, while Reiss discovered that certain peptides could block ligation of some, but not 
all, protein targets, Reiss is silent regarding what blocks or promotes cleavage. Moreover, Reiss 
suggests that only peptide inhibitors can be used to block ligation of a certain segment of target 
molecules, leaving the question completely open as to methods for identifying non-protein based 
agents that modify the isopeptidase activity of polypeptides that comprise a JAM domain of the 
type required in Applicants' claims. 

Therefore, Applicants respectfully submit that prima facie obviousness of the invention 
methods of identifying an agent that affects isopeptidase activity, as required in claim 32, is not 
established under 35 U.S.C. § 103 over the combined disclosures of Glickman, Deshaies, and 
Reiss. Accordingly, reconsideration and withdrawal of the rejection are respectfully requested. 
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B. Applicants respectfully traverse the rejection of claims 32 and 42-46 under 35 U.S.C. 
§ 103(a) as being unpatentable over Glickman in view of Szalay et al. (U.S. Patent No. 
5,976,796). Applicants respectfully submit that the invention methods of identifying an agent 
that affects isopeptidase activity, as defined by amended claim 32, distinguish over the combined 
disclosures of Glickman and Szalay by requiring: "contacting a test agent with a polypeptide 
comprising a JAbl/Mpn domain Metalloenzyme (JAM) domain consisting essentially of an 
amino acid sequence of HXHXXXXXXXXXXD, wherein H is histidine, D is aspartate, and X is 
any amino acid, wherein the isopeptidase activity-deconjugates a modifier protein from a target 
protein by cleavage of a peptide bond formed between the carboxy terminus of the modifier 
protein and a free amino group of the target protein in proximity to a metal ion." 

The remarks above regarding the insufficiency of Glickman (as well as , Deshaies and 
Reiss) for disclosing or suggesting the invention methods, as defined by claim 32, apply equally 
and are incorporated here. To overcome the deficiencies of Glickman the Examiner relies upon 
Szalay as disclosing that "[ljuciferase and other fluorescent proteins such as green fluorescent 
protein are used routinely in the art to monitor protein cleavage" (Office Action, page 5). 
However, Applicants respectfully submit that Szalay's disclosure regarding the creation and 
properties of a fusion protein that combines green fluorescent protein and a luciferase are not 
sufficient to overcome the above enumerated deficiencies of Glickman for suggesting the 
invention methods of claims 32 and 42-46. Szalay is absolutely silent regarding methods for 
testing agents, such as small molecules, for their ability to modifying deconjugation or 
deubiquitination of a modifier protein and a target protein. Thus, Applicants submit that those of 
skill in the art would not be motivated by the combined disclosures of Glickman and Szalay to 
arrive at the invention methods, or if they were so motivated would lack a reasonable expectation 
of success in view of the confusions caused by and recognized about Glickman, as described 
above. 

Applicants respectfully submit prima facie obviousness of the invention methods, as 
recited by claims 32-57 and 72-76, is not established by the cited art. Accordingly 
reconsideration and withdrawal of the rejection under 35 U.S.C. § 103(a) are respectfully 
requested. 
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In view of the above amendments and remarks, it is believed that all rejections have been 
overcome and passage of the claims to allowance is respectfully requested. 

If the Examiner would like to discuss any of the issues raised in the Office Action, the 
Examiner is encouraged to call the undersigned so that a prompt disposition of this application 
can be achieved. 



GRAY CARY WARE & FREIDENRICH LLP 
4365 Executive Drive, Suite 1100 
San Diego, California 92121-2133 
USPTO CUSTOMER NO. 28213 

Enclosures: 

Publication of Cope et al. 
Publication of Maytal-Kivity et al. 
Publication of Verma et al. 
Abstract of Lam et al. 
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Respectfully submitted, 





Lisa VH aile > J - D -> PhD - 
Registration No. 38,347 
Telephone: (858) 677-1456 
Facsimile: (858)677-1465 
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Role of Predicted 
Metalloprotease Motif of 
Jab1/Csn5 in Cleavage of Nedd8 
from Cull 

Gregory A. Cope, 1 Greg S. B. Suh, 3 * L Aravind, 4 
Sylvia E. Schwarz, 1 ! S. Lawrence Zipursky, 2,3 Eugene V. Koonin, 4 
Raymond J. Deshales 1,2 { 

COP9 signalosome (CSN) cleaves the ubiquitin-like protein Nedd8 from the 
Cull subunit of SCF ubiquitin ligases. The JabVMPN domain metalloenzyme 
(JAMM) motif in the Jab1/Csn5 subunit was found to underlie CSN's Nedd8 
isopeptidase activity. JAMM is found in proteins from archaea, bacteria, and 
eukaryotes, including the Rpnl 1 subunit of the 26S proteasome. Metal chelators 
and point mutations within JAMM abolished CSN -dependent cleavage of Nedd8 
from Cull, yet had little effect on CSN complex assembly. Optimal SCF activity 
in yeast and both viability and proper photoreceptor cell (R cell) development 
in Drosophila metanogaster required an intact Csn5 JAMM domain. We propose 
that JAMM isopeptidases play important roles in a variety of physiological 
pathways. 



SCF ubiquitin ligases (/, 2) regulate cellular 
function through the ubiquitination of numer- 
ous substrates, including p27 and IkBcx (3). 
SCF complexes consist of four essential sub- 
units: Cull, the RJNG-H2 protein Hrtl/Rocl/ 
Rbxl, Skpl, and a substrate-binding F-box 
protein (3). In addition, the ubiquitin-like 
protein Nedd8 is conjugated to Cull. This 
modification (neddylation) is essential in fis- 



sion yeast (4) and stimulates recruitment of 
E2 to SCF ubiquitin ligase (5). 

The COP9 signalosome (CSN), which is a 
highly conserved complex related to both the 
proteasome lid and the eukaryotic initiation 
factor 3, promotes deneddylation of Cul 1 (6, 
7). CSN may also regulate a protein kinase 
that phosphorylates IkBc* and p53 (8). CSN 
has been implicated in a diverse range of 



physiological processes, including plant and 
animal development (9-11), transcription 
(12), and signaling (13, 14), but the relation- 
ship between the biochemical and physiolog- 
ical functions of CSN remains unclear. 

Individual deletion of all known de-ubiq- 
uitinating enzymes in Saccharomyces cerevi- 
siae (15) and mutation of a candidate active- 
site cysteine in the Csn5/Jabl subunit of CSN 
had no effect on deneddyation of Cull (15, 
16). Thus, to elucidate the mechanism of 
deneddylation, we sought to identify a motif 
within CSN that might underlie isopeptidase 
activity. Iterated PSI-BLAST analysis (17) 
and sequence alignment revealed a set of 
eukaryotic and prokaryotic Padl/Jabl/MPN/ 
Mov34 domain (hereafter referred to as Jabl/ 
MPN domain) proteins previously identified 
as homologs of Csn5 and Csn6 (18-20). Al- 
most all prokaryotic Jab I /MPN domains pos- 
sess a His-X-His-X 10 -Asp motif (where X 
indicates any residue) accompanied by an 
upstream conserved glutamate (Fig. 1). Al- 
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though this motif is not found in all eukary- 
otic Jabl/MPN domain proteins (e.g., Csn6), 
it is conserved in a wide range of them, 
including all Csn5 and proteasome Rpnll 
orthologs (Fig. 1). His-Asp/Glu residues of- 
ten serve as ligands to immobilize a catalytic 
metal ion within the active site of hydrolases, 
including proteases (21). Given the excep- 



tional conservation of residues able to chelate 
zinc, we hypothesized that the Csn5 JAMM 
motif comprises a metalloprotease that sus- 
tains Cul 1 deneddylation (22), 

To test this hypothesis, we evaluated the 
sensitivity of CSN-associated deneddylation 
activity to metal chelators (6). Presence of 20 
mM ethylene diamine tetraacetic acid 



(EDTA) or 1 mM 1,10-phenanthroline (o- 
PT), but not 1 mM EDTA, blocked the ability 
of wild-type extract to restore Cul I deneddy- 
lation activity to csn5A extract (Fig. 2A). 
Moreover, pretreatment of purified pig spleen 
CSN (25), but not substrate (15), with o-PT 
abolished cleavage of immunopurified Cull- 
Nedd8 conjugates (Fig. 2B). Inhibition was de- 
pendent on metal chelation, because the nonch- 
elating o-PT analog 1,7-phenanthroline had no 
effect on activity (Fig. 2B). These data mirror 
those for the LasA metalloproteases (24), sug- 
gesting that CSN's deneddylase activity was 
metal-dependent. Excess nickel added either 
before or after inactivation of psCSN by o-PT 
partially restored activity (Fig. 2B). Restoration 
with zinc was unsuccessful, because CSN, like 
the zinc metalloproteases thermolysin (25) and 
carboxypeptidase A (26), was inhibited by even 
submillimolar levels of free zinc (Fig. 2B). 
Importantly, o-PT had no obvious effect on the 
assembly of the CSN complex as judged by size 
exclusion chromatography (Fig. 2C). Thus, 
CSN-associated deneddylating activity, but not 
complex integrity, required metal ions. 

We next tested whether the JAMM motif 
was essential to sustain proper Cull neddyl- 
ation state in vivo. Schizosaccharomyces 
pombe csn5A extracts contain Cull exclu- 
sively in the Nedd8-modified form, but a 
wild-type pattern of Cull neddylation is re- 
stored upon ectopic expression of FLAG Csn5 
(Fig. 3A) (16). By contrast, FLAG Csn5 pro- 
teins with mutations in the conserved JAMM 
residues accumulated normally and assem- 
bled with Csnl myc13 (Fig. 3B) and Csn2 mycl3 
(Fig. 3C) but nevertheless failed to comple- 
ment the csn5A phenotype (Fig. 3 A). 

Saccharomyces cerevisiae contains both 
neddylation enzymes (27, 28) and the Csn5 
ortholog Rri 1 (6). In rril A cells, the budding 
yeast Cull ortholog, Cdc53, accumulates ex- 
clusively in a neddylated form (Fig. 3D) (6). 
Although budding yeast lacks obvious or- 
thologs for other CSN subunits, affinity pu- 
rification revealed candidate partners for Rri I 
(29), two of which were essential to sustain a 
normal pattern of Cdc53 neddylation as 
judged by immunoblot analysis of deletion 
mutants (fig. S2). To address the function of 
Rri I 's JAMM motif, we expressed wild-type 
and JAMM point mutant Rril proteins as 
glutathione S-transferase (GST) fusions in 
rril A cells. Expression of wild-type — but 
not mutant — GST-Rril proteins partly re- 
stored deneddylated Cdc53 (Fig. 3D). 
Thus, despiie Rri 1 being the most divergent 
Csn5 ortholog identified to date, its JAMM 
motif was nevertheless required to sustain 
Cull deneddylation. 

To address the physiological significance of 
Rril -associated isopeptidase activity, we delet- 
ed RRI1 in the temperature-sensitive (ts) strains 
cdc53-l, cdc34-2, skpl-12, and cdc4-L Be- 
cause neddylation of Cull enhances SCF activ- 



Fig. 2. CSN-dependent deneddylation 
of Cull is sensitive to divalent cation 
chelators. (A) Deneddylation of 5. 
pombe Cull is inhibited by both 
o-phenanthroline (o-PT) and EDTA 
csnSA S. pombe lysates (6) were incu- 
bated alone (lane 1 and 5) or supple- 
mented with wild-type (Cul1-myc13) 
lysates (lanes 2 to 4 and 6 and 7) at 
30°C for 30 min. For lanes 3, 4, and 7, 
both lysates were preincubated for 5 
min with 0.5% methanol (MeOH) car- 
rier, 1 mM o-PT, or 20 mM EDTA, re- 
spectively. Reactions were evaluated by 
western blot with antibodies to 5. 
pombe Cull (Pcu1). (B) psCSN activity 
is modulated by metal ion concentra- 
tion. psCSN was incubated for 5 min in 
the presence of 0.5% MeOH (lane 2), 1 
mM o-PT (lanes 3 and 5), 1 mM 1,7- 
phenanthroline (1,7-PT, lane 4), 1 mM 
o-PT plus 2 mM NiCl 2 (Ni, lane 6), 1 mM 
zinc acetate ( ZnOAc, lane 7), or 1 mM 
NiCt 2 (Ni, lane 8) before being mixed 
with immunopurified Cul1 Ne ^ 8 (37). 
The sample in lane 5 was adjusted to 2 

mM NiCl 2 after o-PT treatment. (C) o-PT does not disrupt CSN. Pig spleen CSN alone or CSN 
treated with 1 mM o-PT was fractionated by Superose 6 gel filtration. Fractions were analyzed by 
Western blotting with antibodies to either Csn1 or Csn5. Size markers are indicated above. 
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Fig. 3. Point muta- 
tions within JAMM 
disrupt CSN dened- 
dylating activity but 
not assembly. (A) 
Mutation of either 
the histidine or as- 
partic acid residues 
within CsnS's JAMM 
motif abolishes Cull 
deneddylating activi- 
ty in fission yeast 
Whole-cell lysates (see 
SOM) from S. pombe 
csnSA strains carrying 
empty vector (lane 1) 
or vectors encoding 
FLAC Csn5(wt, lane 2). 
FWC Csn5 (H118A), 
FLAG Csn5 (H120A), or 
FLAC CsnS (D131N) 
were analyzed by 
Western blot with an- 
tibodies to S. pombe Cull (Pcu1, top panel) and FLAG (bottom panel). Asterisk denotes a 
nonspecific band. (B) and (C) Mutations in JAMM domain of Csn5 do not abolish CSN assembly. 
Extracts (6") from S. pombe csnSA strains carrying csn1-myc13 + [(B), lanes 2 to 5] or csn2-myc13 + 
[(C), lanes 2 to 5] and expressing FLAG-tagged wild-type or mutant CsnS proteins were evaluated 
directly by Western blotting with antibodies to the Myc or FLAG tag (top and middle panels), or 
were first immunoprecipitated with antibodies to the Myc tag followed by Western blotting with 
antibodies to FLAG (bottom panel). An untagged control is shown in lane 1. (D) Mutations within 
RriVs JAMM motif abolish Cull deneddylating activity in S. cerevisiae. SKPI^^rrilA cells were 
transformed with the Gal-inducible vector pEG(KT) (lane 1), or the same vector encoding GST 
fusions to Rril (lane 2), Rri1(H179A) (lane 3). Rri1(H181A) (lane 4). or Rri1(D192A) (lane 5). 
Extracts (see SOM) were either analyzed by Western blot analysis with antibodies to GST or were 
first immunoprecipitated with a-myc resin followed by Western blotting with antibodies to Cdc53. 
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ity (30), we anticipated that nil A would sup- 
press the ts growth of SCF mutants. Paradoxi- 
cally, nil A exacerbated both cell growth (Fig. 
4A) and Sicl turnover (Fig. 4C) defects when 
combined with SCF mutations. 

Cosuppression of Csn5 in Arabidopsis par- 
tially stabilizes the SCF reporter substrate 



IAA6-LUC (7). However, it has not been es- 
tablished whether this effect was mediated by 
reduced deneddylation or loss of some other 
CSN activity (8). To test the specificity of the 
genetic interactions between nil A and SCF 
mutants, we expressed wild-type and mutant 
GST-Rril in cdc34-2 y nil A and skpl-12, nil A 



cells. Galactose (Gal}-inducible expression of 
wild-type GST-Rril, but not JAMM point mu- 
tant GST-Rri 1 , restored growth to both cdc34-2 
nil A and skpl-12 nil A at the restrictive tem- 
perature (Fig. 4B). Thus, the generic interaction 
between SCF mutants and nil A most likely 
arose from loss of JAMM-dependent isopepti- 
dase activity. Deletion of S. cerevisiae Nedd8 
(aka RUB1) similarly exacerbates the ts growth 
defect of SCF mutants (27), suggesting that 
cycles of neddylation and deneddylation are 
needed to sustain optimal SCF activity. 

To begin to address whether JAMM-de- 
pendent isopeptidase activity underlies the 
myriad physiological functions that have 
been proposed for Csn5 and CSN (8), we 
tested the role of the Csn5 JAMM motif in 
Drosophila melanogaster development. Mu- 
tations in CSN 5 in Drosophila result in or- 
ganismal lethality (77). At the cellular level, a 
range of specific defects in photoreceptor 
neuron differentiation have been described 
(77). Transgenic csn5-null (csnS^*) fly lar- 
vae carrying a P-element with wild-type (77) 
or JAMM mutant (D148N) Drosophila CSN5 
cDNAs under the control of the heat shock- 
dependent hsp70 promoter were generated. 
Wild-type Csn5 and Csn5 (D148N) accumu- 
lated to similar levels in third instar larvae 
(37) subjected to periodic heat shocks, 
whereas no Csn5 protein was detected in 
unshocked larvae, confirming that all detect- 
able Csn5 in these animals was transgenic 
(Fig. 51). Small but equivalent fractions of 
wild-type Csn5 and Csn5 (D148N) molecules 
formed CSN complexes upon heat shock- 
induced expression (75). Inefficient assembly 
may be due to heat stress, because our anal- 
ysis of Csn5 in 5. pombe (Fig. 3, B and C) 
and Rpn 11 in S. cerevisiae (32) indicated that 
mutation of the JAMM motif did not prevent 
folding of the Jabl/MPN domain. 

Whereas the lethality of csn5^ A animals 
was rescued by periodic heat shock-induced 
expression of a wild-type Csn5 transgene, no 
adult flies were recovered upon equivalent 
expression of Csn5 (D148N) (Fig. 5 J). Fur- 
thermore, GSAtf-dependent expression of the 
R cell markers Elav and Chaoptin was re- 
stored by expression of wild-type Csn5 (Fig. 
5, G and H), but not Csn5 (DI48N) (Fig. 5, E 
and F). These data indicate that the JAMM 
motif is required for an essential develop- 
mental function of Csn5 in vivo. 

Csn5 contains a metal-coordinating JAMM 
motif that was essential for cleavage of Nedd8 
from Cull. Evolutionary and structural consid- 
erations (20) predicted a catalytic role for 
JAMM, and this prediction was supported by 
genetic and biochemical analyses. However, we 
failed to detect Nedd8-directed isopeptidase 
with recombinant Csn5, suggesting an obligate 
role for complex assembly in enzyme activity. 
A JAMM motif in the proteasome lid compo- 
nent Rpnl 1 was likewise required for cleavage 



fig. 4. Functional inter- 
action between SCF and 
Rri1. (A) Deletion of the 
RRI1 locus in S. cerevisiae 
enhances the tempera- 
ture-sensitive pheno- 
type of mutants defi- 
cient in SCF. Strains indi- 
cated were grown in 
complete media ( YP) 
with dextrose (Dex) at 
25°C to mid-log phase, 
and serial dilutions of an 
equal number of cells 
were spotted onto YP 
Dex plates. Cells were 
grown at 25°C or 33°C, 
and plates were ana- 
lyzed after 2 to 3 days 
growth. (B) Enhance- 
ment of the tempera- 
ture-sensitive pheno- 
type of cdc34-2 ml A 
and skpl-12 ml A can 
be rescued by overex- 
pression of wild-type, 
but not the JAMM mu- 
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tant, GST-Rril. cck34-2 ml A and skp1-12 ml A strains were transformed with the Cal-inducible vectors 
described in Fig. 3D. Strains were grown on YP Dex at 25°C YP Gal at 33°C for cdc34-2 ml A, or YP Gal at 
34°C for skpl-12 ml A. (C) Deletion of RR11 in skpl-12 impairs turnover of Sicl. skpl-12 and skpl-12 ml A 
cells carrying a GAL-SlCr* vector were transferred to YP Gal to express Sicl 1 "* following nocodazole-induced 
arrest in mitosis. A chase was then initiated by transfer of the cells to YP Dex to silence the GAL promoter, 
and time points were taken as indicated. Cells lysates (see SOM) were analyzed by western blot analysis with 
antibodies against the hemagglutinin (HA) epitope. 



Fig. 5. Mutation of 
JAMM in Drosophila 
Csn5 does not rescue le- 
thality or R cell differen- 
tiation defect in csnS^ 
animals. (A to H) De- 
veloping eye disk of sec- 
ond/third instar wild- 
type [wt (A) and (B)], 
cmS* 3 * [A/A, (C) 
and (D)l anS^jhs- 
Csn5(D148N) [A/A;hs- 
D148N. (E) and (F)], and 
csnS^hs-CsnS (A/A; 
hs-wt, (G) and (H)] lar- 
vae were stained for the 
Rcell markers ELAV [(A), 
(C), (E), and (G)] and 
chaoptin ((B), (D), (F). 
and (H)]. Genetics and 
rescue experiments, im- 
munohistochemistry, 
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and histology were performed as described (1 1). (I) Western blot analysis with anti-Csn5 antibodies (Novus) 
of whole-cell extracts from second/third instar larvae of wild-type (lane 1), anS^hs-CsnSfD^N) (lanes 
2 and 4), and anS^hs-CsnS (lane 3). For lanes 3 and 4, larvae were heat shocked at 37°C for 30 mia Larvae 
were subsequently harvested 60 min after heat shock and tysed as described (see SOM). (J) Lethality of 
csnS^* cannot be rescued by JAMM mutant Csn5. Percentage recovery of genotypes (see SOM) of adult 
progeny obtained from crossing CSN5-null/+ to Df/+; CSN5-transgene (wild-type or D148N mutant). 
Percentages reflect approximately 80 adult progeny scored (see SOM). Abbreviations: CSN5N, CSN5-delete; 
+, wild-type CSN5; Df, deficiency-spanning CSN5 locus; hs, heat-shock (see SOM). 
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of ubiquitin conjugates from proteasome sub- 
strates (32). There exist other Csn5/Rpnl 1 ho- 
mologs in eukaryotes (Fig. 1) and, by exten- 
sion, we propose the "JAMMN" hypothesis, 
which posits that eukaryotic JAMM proteins 
are isopeptidases that deconjugate Nedd8 or 
other ubiquitin-like proteins. 

Drosophila sustained by Csn5 carrying a 
JAMM domain mutation arrest development 
as larvae with abnormalities in photoreceptor 
differentiation, suggesting that at least two 
functions associated with Csn5 — viability 
and photoreceptor differentiation — require its 
JAMM-dependent isopeptidase activity. Giv- 
en that Csn5 has been implicated in c-jun 
signaling (72), p27 turnover (33), cytokine 
signaling (14), and growth cone-target inter- 
actions (11), it will be interesting to see if 
isopeptidase activity of Csn5 underlies these 
diverse processes as well. 

All neddylated proteins known are mem- 
bers of the cull in family. It is not clear wheth- 
er CSN isopeptidase acts exclusively upon 
cullin-Nedd8 conjugates or cleaves other tar- 
gets. Regardless, given the large number of 
F-box proteins and the potential for substan- 
tial diversity in the substrates for SCF and 
other cull in-based ubiquitin ligases, CSN 
deneddylase activity may play an enormous 
role in cellular regulation. 
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Proteolysis by the 265 proteasome proceeds 
by binding of the ubiquitinated substrate pro- 
tein to the 195 regulatory particle, followed 
by its unfolding and translocation into the 
lumen of the 205 core, where it is degraded 
by the action of the 205 peptidases (7-5). At 
some point in this process, the ubiquitin tar- 
geting signal is detached from the substrate. It 
is appealing to envision that this deubiquiti- 
nation is obligatorily coupled to degradation. 
Such coupling would render the targeting 
event irreversible, prevent unproductive turn- 
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over of ubiquitin, and presumably alleviate 
steric blockade of the 205 core entry portal by 
the bulky ubiquitin chain, which is linked by 
isopeptide bonds. When and where substrate 
deubiquitination takes place, the identity of 
the deubiquitinating enzyme (DUB), and 
whether deubiquitination of a substrate is es- 
sential for its degradation by the proteasome 
are unclear (4, 5). 

Budding yeast ubiquitinated S-Cdk inhib- 
itor Sicl (Ub-Sicl) is rapidly degraded by 
purified 265 proteasomes (5, 6) in a reaction 
that recapitulates physiological requirements 
for Sicl proteolysis (7, 8). To investigate 
whether degradation of Sicl is normally ac- 
companied by its deubiquitination, we evalu- 
ated the fate of Ub-Sicl after inhibition of 
265 proteolytic activity. Epoxomicin inhibits 
the proteasome by covalently binding the cat- 
alyticaily active p subunits of the 205 core 
(P). Purified 265 proteasomes were preincu- 



Role of Rpnll Metalloprotease in 
Deubiquitination and Degradation 
by the 265 Proteasome 

Rati Verma, 1 L Aravind, 2 Robert Oania, 1 W. Hayes McDonald, 3 
John R. Yates III, 3 Eugene V. Koonin, 2 Raymond J. Deshaies 1 * 

The 265 proteasome mediates degradation of ubiqui tin-conjugated proteins. 
Although ubiquitin is recycled from proteasome substrates, the molecular basis 
of deubiquitination at the proteasome and its relation to substrate degra- 
dation remain unknown. The Rpn11 subunit of the proteasome lid subcom- 
plex contains a highly conserved jabl/MPN domain-associated metal- 
loisopeptidase (JAMM) motif— EX n HXHX 10 D. Mutation of the predicted 
active-site histidines to alanine (rpnIIAXA) was lethal and stabilized ubiq- 
uitin pathway substrates in yeast. Rpn11 AXA mutant proteasomes assembled 
normally but failed to either deubiquitinate or degrade ubiquitinated Sicl 
in vitro. Our findings reveal an unexpected coupling between substrate 
deubiquitination and degradation and suggest a unifying rationale for the 
presence of the lid in eukaryotic proteasomes. 
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Abstract 

Background: Three macromolecular assemblages, the lid complex of the proteasome, the COP9- 
Signalosome (CSN) and the elF3 complex, all consist of multiple proteins harboring MPN and PCI 
domains. Up to now, no specific function for any of these proteins has been defined, nor has the 
importance of these motifs been elucidated. In particular Rpnli, a lid subunit, serves as the 
paradigm for MPN-containing proteins as it is highly conserved and important for proteasome 
function. 

Results: We have identified a sequence motif, termed the MPN+ motif, which is highly conserved 
in a subset of MPN domain proteins such as Rpnl I and Csn5/Jabl, but is not present outside of 
this subfamily. The MPN+ motif consists of five polar residues that resemble the active site residues 
of hydrolytic enzyme classes, particularly that of metalloproteases. By using site-directed 
mutagenesis, we show that the MPN+ residues are important for the function of Rpnl I, while a 
highly conserved Cys residue outside of the MPN+ motif is not essential. Single amino acid 
substitutions in MPN+ residues all show similar phenotypes, including slow growth, sensitivity to 
temperature and amino acid analogs, and general proteasome-dependent proteolysis defects. 

Conclusions: The MPN+ motif is abundant in certain MPN-domain proteins, including newly 
identified proteins of eukaryotes, bacteria and archaea thought to act outside of the traditional 
large PCI/MPN complexes. The putative catalytic nature of the MPN+ motif makes it a good 
candidate for a pivotal enzymatic function, possibly a proteasome-associated deubiquitinating 
activity and a CSN -associated Nedd8/Rub I -removing activity. 



Background 

Many regulatory proteins are removed from the cell in a 
timely and specific manner by a large rriulti subunit en- 
zyme called the proteasome [1,2]. For proteins to be rec- 
ognized by the proteasome, they are usually first 



covalently attached to a polyubiquitin chain via a cascade 
of ubiquitinating enzymes. This ubiquitination process is 
reversible. Specific cysteine proteases known as DUBs 
(deubiquitinating enzymes) can hydrolyze the amide 
bond between the Carboxy-terminus of ubiquitin and an 
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amino group on the substrate [3,4]. Proteolysis takes 
place within the 20S core particle (CP) of the proteasome, 
while the 19S regulatory particle (RP) binds polyubiquiti- 
nated substrates, unfolds, and translocates them into the 
20S CP for proteolysis. The discovery that the 19S regula- 
tory particle of the proteasome (RP) can be separated into 
two discrete subcomplexes, the lid and the base, suggests 
that they have distinct roles in preparing a substrate for 
degradation [5]. The base contains six ATPase subunits, 
Rptl-6, as well as the two largest non-ATPase subunits 
Rpnl and Rpn2, and plays a role in anchoring the sub- 
strate, unfolding it and gating the channel leading into the 
20S CP [6-9]. The lid complex consists of eight non-AT- 
Pase subunits whose functions have not been defined. All 
subunits of the lid subcomplex contain one of two struc- 
tural motifs: six contain a PCI domain (Proteasome, 
COP9, eIF3), while the other two (Rpn8 and Rpnll) con- 
tain an MPN domain (Mprl, Padl N-terminal) [5,10,11]. 
These domains are found in members of two other eu- 
karyotic macromolecular assemblages as well: the COP9 
signalosome (CSN) and the eukaryotic translation initia- 
tion factor 3 (eIF3). Hie functions of these domains are 
not known, but they are necessary for proper interactions 
between subunits of these complexes [12,13]. The lid ap- 
pears to be required for the degradation of polyubiquiti- 
nated substrates but not for hydrolysis of unstructured or 
short polypeptides [5]. Thus, one possibility is that the lid 
is required in one way or another for proper interactions 
with polyubiquitinated chains. 

At 66% identity between the human and yeast forms, the 
MPN domain protein Rpnl 1 is the most highly conserved 
non-ATPase subunit of the 19S RP, on par only with the 
highly conserved ATPase subunits, suggesting that it too 
may play an enzymatic role within the RP [14,15]. Muta- 
tions in RPN1 1 cause cell cycle and mitochondrial defects, 
temperature sensitivity, and sensitivity to DNA damaging 
reagents such as UV or MMS, underscoring the impor- 
tance of this subunit in proteasome function [16-18]. 
Rpnll is one of a minority of proteasome subunits that 
exhibit dominant phenotypes upon overexpression. High 
dosage of human or S. pombe Rpnll orthologs confer 
multidrug and UV resistance J 1 9,20]. These effects may be 
linked to the stabilization of c-Jun observed upon overex- 
pression of the Rpnll subunit in Schistosoma, SmPOHl 
[21]. In another case, however, overexpression of Rpnll 
can suppress an srpl mutation, the yeast homolog of im- 
portin alpha, and enhance degradation of a proteasome 
substrate [22], illustrating that effects of Rpnl 1 are pleio- 
tropic. Together, these results may suggest that Rpnl 1 em- 
bodies an intrinsic enzymatic activity. 

In order to gain insight into the functions and evolution- 
ary history of MPN domain proteins such as Rpnll, we 
performed extended database searches using the general- 



ized profile method [23]. An improved MPN domain pro- 
file detected a large number of novel significant matches 
including some prokaryotic proteins from archaeal and 
eubacterial origins, which until now have not been 
known to contain MPN domains. In addition to being 
structurally related to the published eukaryotic MPN do- 
mains, all prokaryotic MPN domains contain an addition- 
al pattern of five polar amino acids, which are conserved 
in a highly correlated fashion. This motif is embedded 
within the conventional MPN domain, and is also con- 
served in some - but not all - eukaryotic MPN proteins. 
We therefore term it the MPN+ motif. The polar nature 
and coordinated conservation of the MPN+ residues sug- 
gest a catalytic and/or metal-binding function. Since 
Rpnl 1 is one of the eukaryotic MPN domain proteins har- 
boring the MPN+ motif, we used mutational analysis to 
assess the importance of these conserved amino acids for 
the function of Rpnl 1 in S. cerevisiae. Rpnl 1 also contains 
a highly conserved cysteine residue that is not part of the 
MPN+ motif but is present in a number of its close para- 
logs such as the COP9 signalosome subunit, Csn5. It has 
been suggested that this may correspond to the active site 
cysteine of a catalytic DUB motif [14]. Therefore, we also 
analyzed mutants of Cysl 16, and compared them to mu- 
tations in the MPN+ residues of Rpnll. 

Results 

Extending the scope of the MPN domain 

In order to identify distantly related members of the MPN 
domain family, we constructed generalized profiles of 
previously established MPN proteins. Included in the pro- 
file construction were the proteasome lid components 
Rpn8 and Rpnll, the COP9 signalosome components 
Csn5 and Csn6, and the translation initiation factor 3 
components eIF3f and eIF3h, all from various eukaryotic 
species. After scaling of the profile [24], significant hits 
were found in protein database, including the STAM-in- 
teracting protein AMSH (25], and the uncharacterized hu- 
man proteins C6.1A and KIAA1915. Subsequently, 
iterative profile refinement [24] was used to make the pro- 
file searches more sensitive. For that purpose, the newly 
identified MPN proteins were included in the profile con- 
struction process. After four iteration cycles, a stable set of 
significantly matching bona fide MPN proteins was identi- 
fied. Representative members of this superfamily are 
shown in Figure 1. 

In addition to the previously known MPN proteins, a 
number of prokaryotic members were identified, includ- 
ing the phage tail assembly protein K from the bacteri- 
ophage lambda and its closely related homologs from 
other phages and prophages. Even archaeal members of 
the MPN domain family were found, including predicted 
proteins from Archaeoglobus fulgidus, Methanobacter ther- 
moautotrophicum and from various Pyrococcus species (Fig. 
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Figure I 

The MPN+ motif. Sequence alignment of representative MPN domain protein, only two conserved blocks containing the 
MPN+ motif are shown. The proteins are grouped in seven categories: A, bacterial; B, archaeal; C, proteasome lid compo- 
nents; D, CSN components; E, elF3 components; F, Prp8-Iike proteins; G other eukaryotic MPN proteins. In the eukaryotic 
groups, representative sequences from human (HS), Arabidopsis (AT), S. pombe (SP) and S. cerevisiae (SC) are shown. Prokary- 
otic species shown are lambda phage (BPL), Yersinia pestis (YP), Synechocystis sp. (SS), Mycobacterium tuberculosum (MyT), Pseu- 
domonas aeruginosa (PA), Pyrococcus horikoshii (PH), Archaeogiobus fulgidus (AF), Methanobacter thermoautotrophicum (MT). 
Residues invariant or conservatively substituted in at least 50% of all sequences are shown on black and grey background, 
respectively. The MPN+ motif residues are shown in red. The top line indicates the amino acids constituting the MPN+ motif; 
the rightmost column indicates whether a protein is considered an MPN+ protein or a plain MPN protein. 
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1). These proteins are the shortest MPN protein identified 
so far and most likely correspond to the structural core re- 
gion of the domain. Since the finding of prokaryotic MPN 
proteins was highly unexpected, the validity of the assign- 
ment was confirmed by profile searches starting from the 
bacteriophage proteins that resulted in the same stable set 
of significantly matching proteins. 

Definition of the MPN+ motif 

Overall, there are no residues that are invariant through- 
out the MPN domain superfamily. However, while ana- 
lyzing the alignment of the newly identified proteins, it 
became apparent that there are a number of polar residues 
that are conserved in a highly coordinated fashion in a 
subset of MPN domains (highlighted in Red in Fig. 1). 
These amino acids form a pattern, referred to herein as the 
'MPN+ motif, which is part of the conventional MPN do- 
main and embedded within it. The MPN+ motif contains 
a well-defined pattern of *H-x-H-x[7]-S-x[2]-D', where x[7] 
and x[2] indicate stretches of seven and two non-con- 
served residues, respectively. In addition to this conserved 
arrangement of four polar residues, there is an additional 
glutamate residue in a more N-terminal region of the do- 
main, whose conservation is perfectly correlated with the 
occurrence of the motif (Figure 1). An aromatic residue, 
preferentially a tryptophane, is found two positions up- 
stream of the conserved serine in most but not all MPN+ 
proteins. Thus, it should not be considered a part of the 
core MPN+ motif. 

With the possible exception of Prp8, all MPN domain pro- 
teins .shown in Figure 1 can unambiguously be classified 
as either belonging to the MPN+ or to the 'plain' MPN 
class. The validity of this distinction is underscored by the 
fact that invariably all observed orthologs of MPN+ pro- 
teins also belong to the MPN+ class. For instance, the pro- 
teasome lid complex from all eukaryotes contains one 
MPN+ protein (Rpnll/S13) and one plain MPN protein 
(Rpn8/S12). The same is true for the analogous CSN com- 
plex in multicellular eukaryotes, where the MPN+ protein 
is Csn5 and the plain MPN protein is Csn6. In fission 
yeast, Csn6 appears to be absent. The same is true for the 
recently identified CSN-like complex of budding yeast; it 
contains only Csn5 but not Csn6 (Hofmann and Glick- 
man; submitted for publication). The two MPN proteins 
of the eIF3 complex are both of the plain MPN type in 
multicellular eukaryotes and fission yeast, while in bud- 
ding yeast they appear to be missing altogether. Notably, 
all newly identified prokaryotic MPN proteins are of the 
MPN+ type; the same is true for the remaining unassigned 
'orphaned' MPN proteins in eukaryotes (Fig. 1). It should 
be stressed that the MPN+ motif is not a stand-alone motif 
to be found independently of the MPN domain; thus, all 
MPN proteins can be classified as either MPN+ or plain 
MPN proteins. 



Mutants in the MPN+ motif of Rpn 1 1 exhibit severe 
growth defects 

In order to assess the importance of the MPN+ residues for 
efficient Rpnl 1 function, we performed site-directed mu- 
tagenesis of His 1 1 1, Serl 19, Asp 122, which are part of the 
conserved HxH-S-D sequence that defines the MPN+ 
motif. In addition, Cys 116, which is not part of the MPN+ 
motif but is highly conserved between Rpnll and Csn5 
orthologs might be a candidate for an active site residue, 
was mutagenized too. As seen in Fig. 2, alanine substitu- 
tions in the MPN+ motif of Rpnl 1 cause severe growth de- 
fects, temperature sensitivity, and sensitivity to amino 
acid analogs such as canavanine. Substitution mutations 
at different locations in the MPN+ mouf display similar, 
but slightly distinct phenotypes. Specifically, the 
Hisl 1 lAla mutant is extremely slow growing at 25°C and 
lethal when plated at elevated temperatures, even as low 
as 30°C. The Aspl22Ala and Serl 19Ala mutants are viable 
but slow growing at 25°C and 30°C, and lethal when shift- 
ed to 37°C or when exposed to amino acid analogs. By 
contrast, substitutions of the conserved Cys at position 
1 16 showed no growth defect, and the cells appeared nor- 
mal under all conditions tested. 

Stress conditions such as exposure to elevated tempera- 
ture or amino acid analogs are known to promote accu- 
mulation of damaged proteins, which must be removed 
by the proteasome [26]. Since defects in the MPN+ motif 
of Rpnl 1 cause heightened sensitivity to such conditions, 
it is reasonable to assume that proteasome function is 
jeopardized in these mutants. We conclude that the 
MPN+ motif is critical for the proper function of Rpnll 
within the proteasome, but that Cysll6 does not appear 
to be an essential residue in Rpn 11. 

Multiubiquitinated proteins accumulate in MPN+ motif 
mutants 

In order to test whether proteasome function is indeed 
hampered in these rpnl 1 mutants, we checked the effects 
of mutations on the ubiquitination pattern of cellular pro- 
teins. Whole cell extracts from rapidly growing WT or 
MPN+ motif mutants were separated by SDS PAGE and 
immunoblotted with anti-Ub antibody (Fig. 3). High mo- 
lecular weight polyubiquitin-conjugates are not detected 
at appreciable levels in extracts from yeast containing nor- 
mal proteasomes since they are rapidly turned over. High 
molecular weight polyubiquitinated proteins do accumu- 
late/however, in rpnll MPN+ mutants, indicating defec- 
tive proteasome activity. In this assay, all mutations in 
MPN+ residues behave similarly. Hisl 1 1 mutants also ac- 
cumulate polyubiquitinated proteins when grown at 
25°C, but since this strain is extremely slow growing it was 
difficult to prepare extracts for comparison (not shown). 
No such accumulation is seen in cells containing Rpnll 
with Cysll6 substitutions. 
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Figure 2 

Growth of rpn/ / Mutants under Different Growth Conditions. WT and mutant strains were streaked on YPD at 25, 
30 and 37°C. Cells were also plated on complete minimal media containing I ug/ml of the amino acid analog canavinine instead 
of arginine. Plates were photographed after 3-5 days. Three single amino acid substitutions in the MPN+ motif of Rpnl I were 
studied: his 1 1 lala, Serl I9ala, and aspl22ala. For comparison, a substitution of a highly conserved cysteine residue (cysl I6ala) 
that is not part of the MPN+ motif (see Fig. I ) was included as well. At 25°C, all MPN+ mutations are viable but slow growing. 
Hiss 1 1 1 is extremely temperature sensitive, showing no appreciable growth even when shifted to 30°C, or in the presence of 
even I ug/ml of the amino acid analog canavinine. Asp 1 22 and Serl 1 9 substitutions show lethality under elevated temperature 
(37°C) or exposure to canavanine. In comparison, Cys 1 1 6 substitutions show no growth defects under these conditions. 



It appears that the MPN+ motif defines the role of Rpnl 1 
in the proteasome but that the conserved Cysl 16 residue 
is not critical for proteasome function. The steady state 
levels of polyubiquitin-protein conjugates are influenced 
by the rate of ubiquitination on the one hand, and by 
rates of deubiquitination or proteasome proteolysis on 
the other. Accumulation of polyubiquitinated proteins in 
rpnl 1 mutants could therefore be due to a slowdown in ei- 
ther proteasome associated deubiquitination or proteas- 
ome-dependent proteolysis. 

Stabilization of short-lived proteasome substrate 

In order to test whether the accumulation of polyubiqui- 
tinated conjugates is directly correlated with a defect in 
proteasome function, we checked whether mutations in 
the MPN+ motif of Rpnll bring about stabilization of 
proteasome substrates. The steady state levels of known 



short-lived proteins were measured in WT and in a repre- 
sentative rpnll mutant strain. In order to estimate the 
generality of the effect, two different substrates were used: 
a protein that is ubiquitinated by enzymes of the UFD 
ubiquitination pathway (27], and a protein that is ubiqui- 
tinated by enzymes of the N-end rule pathway [28]. WT 
Cells, or those harboring the SI 19A substitution in the 
MPN+ motif of Rpnll were transformed with plasmids 
expressing Arg-P-galactosidase (an N-end rule substrate) 
or Ub-pro-P-galactosidase (A UFD substrate). Arg-P-gal 
and Ub-Pro-p-gal are short-lived in wild-type yeast with 
half-lives of ~2 and ~6 minutes, respectively [29]. Steady 
state levels of these proteins were compared to the levels 
of a stable, long-lived protein, Met-P-galactosidase. As ex- 
pected, WT cells accumulated high levels of the stable 
Met-Pgal but only low levels of the rapidly degraded Arg- 
P-gal and Ub-Pro-P-gal (Fig. 4). In contrast, the S119A 
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Figure 3 

Accumulation of multiubiquitinated proteins in MPN motif mutants. Total cell extracts from WT yeast and from 
strains containing the MPN+ motif substitutions were separated on an 8% SDS gel and blotted with anti-ubiquitin antibodies. 
Cells were rapidly lysed in presence of 12% TCA in order to inhibit post lysis enzymatic activity. Accumulation of high MW 
polyubiquitinated proteins is detected in the Serl 19 and Asp 1 22 mutants, but not in WT or in the Cysl 16 mutants. His 1 1 1 
mutants accumulate polyubiquitinated proteins as well (not shown). A protein band migrating at around 20 kDa that is 
detected with the anti Lib antibody is used as an internal loading control. 



mutation in rpnl 1 lead to dramatic stabilization and accu- 
mulation of both these short-lived proteins, such that the 
steady state levels of all three substrates were similar (Fig. 
4). Stabilization of these short lived proteins was noted 
also in the D122A mutant (not shown). From these re- 
sults we conclude that the MPN+ motif of Rpnl 1 is essen- 
tial for proper proteolysis of ubiquitinated substrates by 



the proteasome. The importance of Rpnl 1 is independent 
of the ubiquitination pathway. 

The possibility that these deficiencies in proteasome de- 
pendent proteolysis were caused by improper incorpora- 
tion of mutated Rpnll into the lid, or that proteasome 
structure was hampered in rpnl 1 mutants was addressed 



Page 6 of 12 

(page number not for citation purposes) 



BMC Biochemistry 2002, 3 



http://www.biomedcentral.eom/1 47 1 -2091 /3/28 




Figure 4 

Stabilization of short-lived proteasome substrates. WT and the SI I9A mutant strains containing the Ub-Met-, Ub-Arg- 
, and Ub-Pro-Pgal constructs on multi-copy plasmids under the GAL promotor were tested for LacZ activity after galactose- 
induction. LacZ activity is indicative of steady-state levels of the reporter protein. WT cells accumulate high levels of the stable 
Met-pgal, but rapidly degrade Arg-pgal and UB-Pro-Pgal (left panel), whereas the MPN+ mutation shows dramatic stabilization 
and accumulation of both short-lived fusion proteins (right panel). 



by native gel electrophoresis. Cell extract from WT and 
rpnl 1 mutants was resolved by nondenaturing PAGE and 
no gross structural changes were observed (Fig. 5). Overall 
levels and proteolytic intensities of proteasomes from 
MPN+ mutants were indistinguishable from WT, indicat- 
ing that the substitutions do not alter the structure of 
peptidase function of the proteasome. In addition, we 
found no evidence for natural abundance WT Rpnl 1 out- 
side of the proteasome (data not shown), indicating that 
the phenotypes associated with mutated rpnl 1 are unlike- 
ly to be due to unincorporated protein. Since peptidase ac- 
tivity of mutant proteasomes was similar to WT (Fig. 5), 
die effects of rpnl 1 mutations is most likely due to a defect 
in proteolysis of ubiquitinated substrates (Fig. 4). 

Discussion 

We have identified an arrangement of five residues, which 
are perfectly conserved in a subclass of MPN domains, 
while none of them shows appreciable conservation out- 
side of this subclass. The highly correlated conservation of 
these residues suggests that they participate in a common 
structural element and/or a common function that is crit- 



ical for the proteins in which they are found. This idea is 
corroborated by the polar nature of the conserved MPN+ 
residues: glutamate, histidines, serine and aspartate are all 
amino acids frequently found in the active site of enzymes 
or as the coordinating ligands in metal-binding proteins. 
Certainly, these two possibilities are not mutually exclu- 
sive. Several classes of enzymes, particularly metal con- 
taining hydrolases and proteases, harbor bound metal 
ions such as Zn 2+ as part of their catalytic center [30]. 
However, while the motif does bear some resemblance to 
that found in metal loproteases, the specific organization 
of E-HxH-S-D residues does not correspond to the metal 
ligands in any of the known Zinc proteases [30], thus pos- 
itive identification of Rpnll as a metalloprotease awaits 
definite proof. 

The proteasome complex from a number of sources is 
known to contain a ubiquitin hydrolyzing activity [31- 
39], while the CiSN complex is known to cause the hydro- 
lytic removal of the Nedd8/Rubl ubiquitin-like molecule 
from the cuilin subunit of the SCF ubiquitin ligase (E3) 
complex [40-42] . Thus, the MPN+ containing subunits of 
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Figure 5 

Migration pattern of proteasome from WT and rpnl I mutants by non-denaturing PAGE. Cell extracts were pre- 
pared from Logarithmically growing WT or the rpnl I MPN+ mutants that were brought to an identical OD600 level. Extracts 
were clarified by centrifugation, and identical amounts of total protein were separated on native gel. The gel was then incu- 
bated for 10 minutes with the fluorescent peptide LLVY-AMC at 30°C, and photographed under UV light (380/440 nm). Fluo- 
rescent bands indicate migration of Doubly capped and Singly capped 26S proteasome forms [1 4]. There is no noticeable 
change in migration pattern or overall levels of proteasomes from the different rpnl I mutants, indicating that mutated Rpnl I 
is properly incorporated into the lid and no gross structural changes in proteasome composition or amounts are due to the 
mutations. 



the proteasome lid (Rpnll) and the COP9 signalosome 
(Csn5) would be prime candidates for such a hydrolytic 
function. Hie architectu rally related eIF3 complex, for 
which no such enzymatic activity has been described, is 
conspicuously devoid of MPN+ proteins. That the CSN 
from yeast lacks the plain MPN protein (Csn6) retaining 
only the MPN+ subunit (Csn5), while the plain MPN pro- 
teins found in eIF3 from eukaryotes appear to be missing 
altogether in the yeast complex, emphasizes that the 
MPN+ residues are likely to be the catalytic residues, with 
plain MPN subunit playing a redundant structural role in 
complexes in which they are found. Even though purified 
recombinant Rpnl 1 does not appear to exhibit DUB capa- 
bilities (data not shown), it is possible that once incorpo- 
rated into their respective complexes, Rpnll and Csn5 
confer the documented hydrolase activities onto the 1 9S 
RP and CSN. In this case, Rpnll would belong to a 
unique class of enzymes, as all other known DUBs are 
cysteine proteases. Of note, the conserved cysteine residue 
common to both Rpnll and Csn5, which is not part of 
the MPN+ motif, is not important for the function of 
Rpnll. 



Single site substitutions in various Rpnl 1 MPN+ residues 
exhibit similar phenotypes supporting the identification 
of MPN + as a discrete functional motif. Due to the severe 
growth phenotypes and attenuated ability of the proteas- 
ome to proteolyze polyubiquitinated substrates in these 
mutants, it appears that the MPN+ motif defines the role 
carried out by Rpnl 1 in the lid. As we show, these defects 
arise from an intrinsic activity of Rpnl 1 within the context 
of die proteasome, and not due to a gross structural effect 
upon incorporation of mutated Rpnll. As mentioned 
above, the lid, where Rpnll is situated, is critical for pro- 
teolysis of polyubiquitinated substrates. So far, and some- 
what surprisingly, all ubiquitin binding activity has been 
mapped to the Base of the 19S RP. Two subunits in the 
base can interact directly with ubiquitin chains, Rpt5 and 
RpnlO [5,7,43,44]. A number of proteins, such as Rad23 
and Dsk2, can also bind ubiquitin and interact with the 
proteasome, presumably with die base, thus they are 
thought to serve as shutdes of polyubiquitinated sub- 
strates to the proteasome [45,46]. It is possible that the lid 
rather than bind ubiquitin, serves to cleave or trim polyu- 
biquitin chains once attached to the Base. 
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While this manuscript was under review, two independ- 
ent papers substantiated our findings by characterizing a 
novel deubiquitinating activity in the proteasome, and 
showing that the MPN+ motif residues of Rpn 1 1 are large- 
ly responsible for this activity [47,48]. These independent 
studies identified DUB activity associated with the 19S RP 
of the proteasome, which is lacking upon lethal substitu- 
tions in Rpnll. Interestingly, all substitution mutations 
that we studied in the MPN+ motif of Rpnll are viable. 
Quite possibly, Rpnll is not the sole proteasome-associ- 
ated DUB, and a number of DUBs play partially overlap- 
ping functions. For instance, Doa4/Ubp4 interacts weakly 
and substoichiometrically with the proteasome and may 
serve to release ubiquitin and regenerate the proteasome 
for the next catalytic cycle [37]. The Ubiquitin-like do- 
main (UBL) containing deubiquitinating enzyme, USP14, 
has been found to interact with the proteasome from 
mammalian sources [38]. Ubp6, the budding yeast ho- 
molog of USP14, interacts with the proteasome as well 
[49], and plays a role in proteasome-associated deubiqui- 
tination [39]. It has also been reported that the Drosophila 
DUB p37a [31] and its homologs UCH37 (H. sapiens) and 
Uch2 (S. pombe), may be responsible for the polyubiqui- 
tin chain editing function associated with purified protea- 
somes [31,34,35]. However, as budding yeast lacks an 
obvious ortholog of UCH37/p37a, other DUBs must play 
a greater role in proteasomes from this organism. 

Finding MPN+ motif proteins in prokaryotes will help 
elucidate the origins of proteasome evolution and the 
function of Rpnl 1 in particular. The proteasome probably 
evolved from self-compartmentalized macromolecular 
proteases found in prokaryotes. Thus, proteasomal subu- 
nits, or proteins with motifs related to proteasomal subu- 
nits, are present in archaea and certain eubacteria. These 
"lidless M prototypes include the 20S CP subunits, and ho- 
mologs of the base ATPases (Rpt subunits) [50]. However, 
proteins relating to the ubiquitination process, such as 
ubiquitin itself, ubiquitin activating conjugating or ligat- 
ing enzymes, and even lid subunits, are missing from 
prokaryotes. Identification of a motif from Rpnl 1 - a pro- 
tein that is linked to processing of polyubiquitinated pro- 
teins - in prokaryotic proteins is an interesting 
development. It is possible that during evolution, the pro- 
teasome recruited an existing enzyme as the lid was form- 
ing into a regulatory module of the proteasome; likewise 
for the analogous CSN complex. Studying the prokaryotic 
MPN+ motif proteins should aid in elucidating what this 
motif does. The fact that these proteins are the shortest 
MPN proteins and correspond to the structural core re- 
gion of the domain should greatly aid in enzymatic and 
structural studies, especially in comparison to members of 
the family such as Rpnll and Csn5 that are naturally 
found only incorporated into complexes. 



Interestingly, all identified prokaryotic MPN domains, 
both from archaea and from eubacteria, also contain the 
MPN+ motif. It thus appears likely that the ancestral MPN 
domain was of the MPN+ type, and mat the extant 'plain' 
MPN proteins have lost this motif later on. It is possible 
that the plain MPN proteins play a structural role in com- 
plexes that additionally contain a MPN+ subunit. So far 
all known MPN proteins are incorporated into complexes 
that also contain PCI proteins [51,52]. Interestingly, sev- 
eral of the prokaryotic organisms harboring MPN+ pro- 
teins appear to lack PCI domain proteins and therefore 
probably could not form large PCI/MPN complexes relat- 
ed to the lid and CSN particles. An interesting case is the 
tail assembly protein 'K* of the bacteriophage lambda 
(vtak) and its many homologs from other phages and 
prophages (Fig. 1). Little is known about the specific func- 
tion of the protein but none of the other tail assembly fac- 
tors contain a PCI or MPN domain (K.H unpublished 
results). Our work suggests that the K-protein plays an en- 
zymatic role in tail assembly rather than a merely structur- 
al one, although whether the analogy to Rpnl 1 is relevant 
to vtak is still enigmatic. 

A similar situation exists for the orphan MPN proteins of 
eukaryotes. It is noteworthy that complex eukaryotic or- 
ganisms have far more orphan MPN protein than orphan 
PCI proteins. However, the known PCI/MPN complex 
particles have stoichiometrics that require more PCI com- 
ponents than MPN components. This apparent paradox- 
on can be resolved by a number of different but non- 
exclusive assumptions, i) Additional PCI proteins have 
eluded detection due to high sequence divergence allow- 
ing for more than three PCI/MPN complexes to exist, ii) 
alternative MPN proteins can interact with existing PCI 
complexes, iii) some MPN proteins have (enzymatic) 
functions outside of PCI/MPN complexes. Currently, 
there is no data available supporting the first two possibil- 
ities, although there is some promiscuity in the PCI pro- 
tein interactions [52,53]. The third possibility is likely to 
be true in prokaryotes and could also explain why all eu- 
karyotic orphan MPN proteins belong to the MPN+ class. 
This could also explain how supra-stochio metric amounts 
of Rpnll exhibit dominant phenotypes; possibly it can 
function outside of the proteasome as well. 

Conclusions 

The MPN+ motif is abundant in certain MPN-domain 
proteins, including newly identified proteins of eukaryo- 
tes, bacteria and archaea thought to act outside of the tra- 
ditional large PCI/MPN complexes. The putative catalytic 
nature of the MPN+ motif makes it a good candidate for a 
pivotal enzymatic function, possibly a proteasome-associ- 
ated deubiquitinating activity and a CSN-associated 
Nedd8/Rubl -removing activity. The importance of the 
MPN+ motif for the efficient function of the proteasome 



Page 9 of 12 

(page number not for citation purposes) 



BMC Biochemistry 2002, 3 



http://www.biomedcentrai.eom/1 47 1 -2091/3/28 



component Rpnll is compatible with this idea, though 
the fact that none of the single amino acid substitutions 
are lethal indicates that either the function of Rpn 1 1 is not 
strictly essential for proteasome function, or more likely, 
it is partially redundant with other subunits. 

Methods 

Bioinformatics 

All database searches were performed with a nonredun- 
dant data set constructed from current releases of Swiss- 
Prot, TrEMBL, and GenPept [54,55], Generalized profile 
[23] construction and searches were run locally using the 
pftools package, version 2.1. (program available from the 
URL [ftp://ftp.isrec.isb-sib.ch/sib-isrec/pftools/]). Profiles 
were constructed using the BLOSUM45 substitution ma- 
trix [56] and default penalties of 2. 1 for gap opening and 
0.2 for gap extension. The statistical significance of profile 
matches was derived from the analysis of the score distri- 
bution of a randomized database as described [24]. Data- 
base randomization was performed by individually 
inverting each protein sequence, using SwissProt 34 as the 
data source. 

Single amino acid substitutions 

Haploid yeast strain with a chromosomal knock out of 
rpnll was constructed, in which a single copy URA- 
marked plasmid expressing the RPN1 1 gene complements 
the chromosomal knock out (MY71). The heterozygote 
RPNll/rpnllA diploid was purchased from EUROSCAF 
and transformed with a single copy CEN plasmid with 
URA3 selection (ycplac33) expressing RPN11 from its 
own promotor (M82). Growth of MY71 was identical to 
the isogenic WT strain from EUROSCARF. Plasmids ex- 
pressing the single site substitutions in Rpnl 1 were gener- 
ated using PCR site directed mutagenesis on a similar CEN 
plasmid with the LEU 2 marker for selection (ycplaclll). 
In this manner the following plasmids were constructed 
RPN11 (M134), rpnll-CUGA (M134), rpnll-HlllA 
(M143), rpnll-SU9A (M144), rpnll-D122A (M145). 
Those plasmids were then transformed into the above 
yeast strains, and the URA3 -marked WT rescue plasmid 
was then forced out of the cells by the presence of 5'FOA 
in the medium. FOA shuffling was done at 25°C as most 
rpnl 1 mutants were severely temperature sensitive. In this 
manner we got viable yeast rpnll mutant strains. 

Phenotypes and mutant characterization 

Single colonies grown on YPD at 25°C were streaked onto 
YPD and shifted to various temperatures. Plates were pho- 
tographed after 3-5 days. For canavinine sensitivity, 
plates containing complete minimal media containing 1 
mg/ml canavinine in replace of arginine were used and 
growth measured at 25°C. 



Stabilization of known proteasome substrates 

Steady-state levels of the Met-, Arg-, and Ub-Pro-Pgal fu- 
sion proteins were measured by testing LacZ activity [27]. 
Wild type and rpnll cells harboring multi-copy URA3- 
marked plasmids containing each construct were grown to 
late log in minimal media containing raffinose for carbon 
source, and induced with 2% Galactose for 4 hrs. The cells 
were then lysed and LacZ activity upon introduction of the 
substrate ONPG was calculated when taking into account 
the time, total protein concentration and amount of prod- 
uct obtained (measured by 405 nm absorbance). 

Non-denaturing PAGE and peptidase activity detection 

Yeast cells were lysed in buffer A (10% glycerol, 50 mM 
tris7.4, 1 mM ATP, 1 mM MgCl 2 , 1 mM EDTA) using glass 
beads, and clarified by centriftigation at 20 x g. Non-dena- 
turing gel was run as previously described [14]. The gel 
was then incubated for 10 minutes in 10 ml of buffer A 
and 0.1 mM of the fluorescent peptide LLVY-AMC at 
30°C. Under UV light, appearing bands show peptidase 
activity indicate the migration pattern of the 26S proteas- 
ome. 

Abbreviations 

RP: 19S regulatory particle of the proteasome 
CP: 20S core particle of the proteasome 
CSN: COP9 signalosome 

eIF3: eukaryotic initiation of translation factor 3 
Rpn: regulatory particle non-ATPase subunit 
Rpt: Regulatory particle triple-A ATPase subunit 
Ub: ubiquitin 

DUB: deubiquitinating enzyme 
(3-gal: (i-galactosidase 
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of ubiquitin conjugates from proteasome sub- 
strates (52). There exist other Csn5/Rpnl 1 ho- 
mologs in eukaryotes (Fig. 1) and, by exten- 
sion, we propose the "JAMMIN" hypothesis, 
which posits that eukaryotic JAMM proteins 
are isopeptidases that deconjugate Nedd8 or 
other ubiquitin-like proteins. 

Drosophila sustained by Csn5 carrying a 
JAMM domain mutation arrest development 
as larvae with abnormalities in photoreceptor 
differentiation, suggesting that at least two 
functions associated with Csn5 — viability 
and photoreceptor differentiation — require its 
JAMM-dependent isopeptidase activity. Giv- 
en that Csn5 has been implicated in c-jun 
signaling (72), p27 turnover (33), cytokine 
signaling (14), and growth cone-target inter- 
actions (77), it will be interesting to see if 
isopeptidase activity of Csn5 underlies these 
diverse processes as well. 

All neddylated proteins known are mem- 
bers of the cullin family. It is not clear wheth- 
er CSN isopeptidase acts exclusively upon 
cullin-Nedd8 conjugates or cleaves other tar- 
gets. Regardless, given the large number of 
F-box proteins and the potential for substan- 
tial diversity in the substrates for SCF and 
other cullin-based ubiquitin ligases, CSN 
deneddylase activity may play an enormous 
role in cellular regulation. 
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Proteolysis by the 265 proteasome proceeds 
by binding of the ubiquitinated substrate pro- 
tein to the 195 regulatory particle, followed 
by its unfolding and translocation into the 
lumen of the 205 core, where it is degraded 
by the action of the 205 peptidases (1-3). At 
some point in this process, the ubiquitin tar- 
geting signal is detached from the substrate. It 
is appealing to envision that this deubiquiti- 
nation is obligatorily coupled to degradation. 
Such coupling would render the targeting 
event irreversible, prevent unproductive turn- 
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over of ubiquitin, and presumably alleviate 
steric blockade of the 205 core entry portal by 
the bulky ubiquitin chain, which is linked by 
isopeptide bonds. When and where substrate 
deubiquitination takes place, the identity of 
the deubiquitinating enzyme (DUB), and 
whether deubiquitination of a substrate is es- 
sential for its degradation by the proteasome 
are unclear (4 t 5). 

Budding yeast ubiquitinated S-Cdk inhib- 
itor Sicl (Ub-Sicl) is rapidly degraded by 
purified 265 proteasomes (5, 6) in a reaction 
that recapitulates physiological requirements 
for Sicl proteolysis (7, 8). To investigate 
whether degradation of Sicl is normally ac- 
companied by its deubiquitination, we evalu- 
ated the fate of Ub-Sicl after inhibition of 
265 proteolytic activity. Epoxomicin inhibits 
the proteasome by covalently binding the cat- 
alytically active p subunits of the 205 core 
(0). Purified 265 proteasomes were preincu- 



Role of Rpn11 Metalloprotease in 
Deubiquitination and Degradation 
by the 265 Proteasome 

Rati Verma, 1 L Aravind, 2 Robert Oania, 1 W. Hayes McDonald, 3 
John R. Yates III, 3 Eugene V. Koonin, 2 Raymond J. Deshaies 1 * 

The 265 proteasome mediates degradation of ubiquitin-conjugated proteins. 
Although ubiquitin is recycled from proteasome substrates, the molecular basis 
of deubiquitination at the proteasome and its relation to substrate degra- 
dation remain unknown. The Rpn11 subunit of the proteasome lid subcom- 
plex contains a highly conserved Jabl/MPN domain-associated metal- 
loisopeptidase (JAMM) motif— EX„HXHX 10 D. Mutation of the predicted 
active-site histidines to alanine (rpn11AXA) was lethal and stabilized ubiq- 
uitin pathway substrates in yeast. Rpnl 1 AXA mutant proteasomes assembled 
normally but failed to either deubiquitinate or degrade ubiquitinated Sicl 
in vitro. Our findings reveal an unexpected coupling between substrate 
deubiquitination and degradation and suggest a unifying rationale for the 
presence of the lid in eukaryotic proteasomes. 
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Fig. 1. Characterization of Ub-Sic1 deubiquitina- 
tion by purified 265 proteasomes. (A) Ub-Sicl is 
deubiquitinated by epoxomicin-treated 265 pro- 
teasomes in a ubiquitin atdehyde-insensitive 
manner. Purified proteasomes (100 nM) were in- 
cubated with either 1% dimethyl sulfoxide 
(DMSO) (lanes 1 and 2, mock), or 100 uJVl ep- 
oxomicin in the absence (lane 3) or presence (lane 
4) of 2.5 u.M ubiquitin aldehyde (Ub-Al) for 30 
min at 30°C. The degradation reaction was initi- 
ated by the addition of Ub-Sic1 (300 nM) and 1 X 
ATP regenerating system (IX ARS) (3), incubated 
at 30°C for 5 min, and terminated by the addition 
of SDS sample buffer. Aliquots were resolved by 
SDS-PAGE (8% polyacrylamide gel), transferred 
to nitrocellulose, and immunoblotted with poly- 
clonal antibody to Sid to monitor degradation. 
(B) Sicl generated by epoxomicin-treated protea- 
somes is completely deubiquitinated. An aliquot 
of the epoxomicin-treated sample from lane 3 in 
(A) as well as a Ub-Sicl preparation containing 
both Ub-Sic1 and unmodified Sicl were resolved 
by SDS-PAGE and immunoblotted with antiserum 
to Sicl (a-Sic1) (left) or to ubiquitin (a-Ub) 
(right). The anti-ubiquitin immunoreactivity is 
primarily derived from autoubiquitinated Cdc34 
(30), which is not degraded (37). (C) Deubiquiti- 
nation of Ub-Sicl is ATP dependent Mock- or 
epoxomicin-treated 26S proteasomes were de- 
pleted of ATP by 5 min of incubation with apyrase 
(15 units/ml) or hexokinase (5 units/ml) plus 30 
mM glucose (Glu + HK) before incubation with 
Ub-Sic1. Lane 6 is the same as lane 2, except the DUB inhibitor ubiquitin 
vinyl sulfone (Ub-VS) (32) was included at 2.5 uX (D) Subparticles of the 
265 proteasome do not efficiently deubiquitinate Ub-Sicl. The 195 regula- 
tory particle was isolated as described in (6). The lid subparticle of 195 was 
purified from a strain containing RPN8TEV2MYC9 as described (23). ACoo- 
massie blue-stained preparation is shown in Fig. 4C The three prepara- 
tions^ — 265, 195, and lid — were incubated in the absence (lanes 1, 2, 4, and 
6) or presence (lanes 3, 5, and 7) of epoxomicin and assayed for degradation/ 
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deubiquitination of Ub-Sic1 as described in (A). (E) Inhibition of deubiquiti- 
nation by the metal chelator 1,10-phenanthroline. 265 proteasomes were 
preincubated at 30°C with 1% DMSO and 1% MeoH (lanes 1 and 2) or 100 
u.M epoxomicin and 1% MeOH (lane 3) containing in addition 1 mM 
1,10-phenanthroline (lane 4), 1 mM 1 ,7-phenanthroline (lane 5), or 1 mM 
1,10-phenanthroline premixed with 2 mM CoCl 2 (lane 6) or 2 mM CoCl 2 
(lane 7), The degradation reaction was initiated by the addition of Ub- 
MbpSid. 
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Fig. 2. Rpn11, an intrinsic subunit of the lid 
subcomplex of the 195 regulatory particle, con- 
tains a conserved, predicted metatloprotease 
motif (JAMM) that is critical for viability. (A) 
Sequence alignment of RPN11 orthologs with 
human CSN5/JAB1 reveals the JAMM motif. The 
multiple alignment was constructed by using 
the T-Coffee program (33). Each protein is de- 
noted by its name followed by an abbreviated species name. The predicted 
metal-chelating and catalytic residues are shown as a consensus below the 
alignment. For a detailed description of the extended JAMM domain 
consensus based on all RPN11 orthologs, see fig. S3. (B) An intact JAMM 
motif is critical for yeast cell proliferation. An rpnll^vXAN strain kept alive 
by an [RPN11 URA3] plasmid (RJD 1922) was transformed with LEU2- 
marked RPN11 (RJD 1934) or rpn 1 1AXA plasmids (RJD 1935) (23). Trans- 
formants (two representative clones each) were streaked onto 5-fluoro- 
orotic acid (FOA) plates and allowed to grow for 5 days at 25°C. Because 
5-FOA is toxic to URA3 cells, growth is observed only when the URA3- 
marked plasmid is rendered dispensable by the LEU2 plasmid. (C) The 
rpnllAXA mutant cannot complement the mpr1-1 temperature-sensitive 
allele of RPN11. mprl-1 (RJD 1786) was transformed with either empty 
pRS316 [URA3\ vector or vector containing wild-type RPN11 (RJD 1815) or 
rpnllAXA (RJD 1816). Individual transformants were streaked on synthetic 
minimal (SD)-Ura plates and incubated at 25°C or 37°C for 5 days. 



bated with or without epoxomicin, Ub-Sicl 
was then added, and degradation was moni- 
tored by the loss of Sicl antigen. In the 
absence of epoxomicin, Ub-Sicl was com- 
pletely degraded (Fig. 1 A; fig. SI). Surpris- 
ingly, in the presence of epoxomicin, a 



large fraction of Ub-Sicl molecules were 
completely deubiquitinated, as judged by 
comigration with unmodified Sicl and fail- 
ure to cross-react with antibodies to ubiq- 
uitin (Fig. IB). 

Conversion of Ub-Sicl to Sicl differed 



from conventional thiol protease-mediated 
deubiquitination in four respects: (i) it was 
insensitive to the classic DUB inhibitors 
ubiquitin aldehyde (Ub-Al) and ubiquitin vi- 
nyl sulfone (Ub-VS) (Fig. 1, A and C); (ii) it 
required adenosine triphosphate (ATP) (Fig. 
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Fig. 3. An intact JAMM 
motif , is required for 
degradation of ubiquit- 
in-proteasome pathway 
substrates in vivo. (A) 
Stabilization of a UFD 
pathway substrate in 
mutant cells. RPN11 
(RJD1901), mprl-1 (RJD 
1902). mprl-1 RPN11 
(RJD 1903), and mprl-1 
rpnIIAXA (RJD 1904) 
strains (23) containing a 
reporter plasmid ex- 
pressing the unstable 
Ub-V76-Val-eK-B-Gal 
fusion protein were ana- 
lyzed by pulse-chase 35 S 
radiolabeling as de- 
scribed in (6). Arrow in- 
dicates the 35 S-labeted 
substrate protein, and 
filled cirde shows the 
position of the 90-kD 
stable breakdown prod- 
uct of the reporter pro- 
tein. (B) Stabilization of 

mitotic cydin Clb2 in mprl-1 rpnIIAXA cells. Mutant mprl-1 RPN11 (RJD 2002) and mprl - 1/rpn 1 1AXA 
(RJD 2004) strains harboring a chromosomatly encoded, influenza hemagglutinin antigen (HA)-tagged 
GAL-CLB2 expression cassette (23) were grown in raffinose medium (R) at 25°C, and Clb2 expression 
was induced by the addition of 2% galactose (G). To confirm specific expression of Clb2-HA3, we 
prepared cell lysates by lysing with glass beads and boiling. Aliquots were resolved by SDS-PAGE, 
transferred to nitrocellulose, and analyzed by immunoblotting with 12CA5 antibody to HA ascites (left). 
For evaluation of Clb2-HA3 stability (right), cultures were grown in raffinose (R) medium at 25°C and 
arrested in G, by the addition of a-factor (5 p.g/ml) for 2 hours. Clb2 expression was induced with 
galactose for 1.5 hours, and cultures were shifted to 36°C to inactivate mprl-1. After 1.5 hours, cells 
were transferred to a-factor-containing dextrose (D) medium at 37°C to extinguish expression of Clb2. 
Because there is continuous proteolysis of Clb2 in a-factor-arrested cells, and time 0 was collected after 
washing and resuspension in yeast extract, peptone, and dextrose, the level is much less than that seen 
in exponential by growing cells (left). Asterisk denotes a nonspecific immunoreactive band to HA. 
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1C); (iii) it required intact 265 proteasome 
and was not sustained by 195 regulatory par- 
ticle or the lid (Fig. ID); and (iv) it was 
completely blocked by o-phenanthroline 
(1,1 O-phenanthroline), but not m-phenanthro- 
line (1,7-phenanthroline) or o-phenanthroline 
presaturated with cobalt ions (Fig. IE). These 
four properties suggest that a metallopepti- 
dase was responsible for this activity. These 
properties are reminiscent of an unidentified 
deubiquitinating activity that copurifies with 
265 proteasomes from rabbit reticulocyte ly- 
sates (JO). 

We had characterized our proteasome 
preparation by mass spectrometry, which re- 
vealed only a single known DUB, Ubp6 (3) 
(table SI). However, Ubp6 was neither nec- 
essary nor sufficient for processing Ub-Sicl 
(fig. S2). Thus, we reasoned that the DUB 
activity we observed might reside in a pro- 
teasome subunit that harbors a novel ubiq- 
uitin isopeptidase activity. 

The lid subcomplex of the 195 regulatory 
particle is necessary for ubiquitin-dependent 
degradation (77). The lid subunits share se- 
quence conservation with subunits, of the 
COP9 signalosome (CSN). CSN preparations 
contain an isopeptidase activity that promotes 
cleavage of the ubiquitin-like molecule 



Nedd8 from Nedd8-Cull conjugates (72). 
The Csn5/Jabl subunit of CSN (75, 14) and 
the Rpn 1 1 subunit of the lid (Fig. 2 A) contain 
a distinct arrangement of two histidines and 
an aspartate preceded by a conserved but 
variably spaced glutamate (EX n HXHX 10 D) 
(75). We refer to this motif as JAMM for 
Jabl/Padl/MPN domain metalloenzyme. We 
propose that the histidines and aspartate bind 
a zinc ion, which, together with the upstream 
glutamate, comprise an active site (74). 

To evaluate the role of the JAMM motif of 
Rpn 11 in the metal ion- dependent deubiquiti- 
nation shown in Fig. IE, we mutated the two 
conserved histidines to alanines (henceforth re- 
ferred to as the rpnIIAXA mutant; table S3). 
Because Rpnl 1 is an essential protein (16\ we 
evaluated the effect of the mutation by plasmid 
shuffling. A hapioid rpnllL leu2 ura3 strain 
sustained by a [RPN 11 URA3] plasmid was 
transformed with LEU2 plasmids containing ei- 
ther RPN11 or rpnIIAXA. Transformants that 
harbored [rpnIIAXA LEU2] were unable to sur- 
vive without the [RPN 11 URA3] plasmid (Fig. 
2B), indicating that an intact Rpnl 1 JAMM 
motif was critical. To facilitate further pheno- 
typic characterization of the AXA mutant, we 
used mprl-1, which contains a frameshift in 
RPN 11 that leads to temperature-sensitive 



growth and expression of a prematurely ter- 
minated Rpnll mprl - ! protein (285 versus 306 
amino acids for wild type) (16). Plasmid- 
borne RPN 11 but not rpnIIAXA complement- 
ed the temperature-sensitive growth of 
mprl-1 (Fig. 2C). 

Rpnl 1 and other subunits of the 195 reg- 
ulatory particle may mediate transcriptional 
regulation and DNA repair independent of 
their roles in proteolysis (77, 18). To test 
whether the inability of rpnIIAXA to sustain 
viability might be due to defective protein 
degradation, we evaluated the stability of an 
artificial ubiquitin fusion degradation (UFD) 
pathway substrate (19) and the anaphase-pro- 
moting complex/cyclosome substrate Clb2 
(20) in wild-type, mprl-1 } mprl-URPNl 7, 
and mpr 1-1 /rpnl 1 AXA cells. For the latter 
experiment, cells were arrested in the G, 
phase of the cell cycle with a factor, at which 
time Clb2 proteolysis proceeds rapidly. 
RPN11, but not rpnl 1 AXA , complemented 
the degradation defects observed for both 
proteins in mprl-1 cells (Fig. 3). Thus, the 
JAMM motif was essential for substrate pro- 
teolysis by the 265 proteasome in vivo. Par- 
adoxically, substrates that accumulated in 
rpnIIAXA cells were not ubiquitinated. How- 
ever, when proteolysis is blocked by muta- 
tions in proteasome subunits (21) or the DUB 
Doa4 (22), substrates accumulate primarily in 
an unmodified form, presumably because of 
robust activity of "scavenging" DUBs. 

To determine the biochemical basis of the 
rpnIIAXA degradation defect, we sought to 
evaluate the activity of Rpnll*^ protea- 
somes in vitro. We affinity-purified protea- 
somes from an mprl-1 strain harboring a 
chromosomal copy of either RPN 11 or 
rpnIIAXA (23). Immunoblotting with anti- 
serum to Pad 1 /Rpnl I (24) revealed that ex- 
tracts from RPN 11 and mprl-1 contained 
full-length and truncated Rpnll, respective- 
ly, whereas extracts from the mprl-l/RPNl 1 
and mprl-1/rpnllAXA strains contained both 
polypeptides (Fig. 4A). Fortuitously, no trun- 
cated Rpnl l in P rM was present in 265 protea- 
somes prepared from mprl-1 strains. This 
allowed us to prepare point-mutant 265 pro- 
teasomes that contained Rpn 1 1 AXA , with no 
contamination by Rpnl l"**"- 1 . 

Native gel electrophoresis followed by 
Coomassie blue staining and in-gel pepti- 
dase assay with a fluorogenic substrate 
(Fig. 4E) suggested that proteasomes from 
mprl-1 cells were defective for assembly. 
Indeed, 265 proteasomes from the mprl-1 
strain lacked subunits of the lid subcom- 
plex of the 195 regulatory particle as 
judged by SDS-polyacrylamide gel electro- 
phoresis (PAGE) (Fig. 4, B and C) and 
mass spectrometry (tables SI and S2). 
Thus, the COOH terminus of Rpn 1 1 was 
required either for stabilization of the lid or 
for association of the base and lid subcom- 
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plexes in vitro. By contrast, proteasomes 
recovered from both mprl-URPNl 1 and 
mprl-llrpnllAXA cells were assembled 
into functional particles as judged by native 
gel electrophoresis (Fig. 4E), denaturing 
SDS-PAGE (Fig. 4B), and immunoblot 
analysis (Fig. 4D) and contained all 26S 
subunits as determined by mass spectrom- 
etry (table SI). 

The "isogenic" Rpnll- and Rpnll AXA - 
containing 265 proteasomes were next tested 
for their ability to deubiquitinate and degrade 
Ub-Sicl. As expected, Rpnl 1 -containing 265 
proteasomes degraded Ub-Sicl, and preincu- 
bation with epoxomicin blocked degradation, 



leading to the accumulation of deubiquiti- 
nated Sicl (Fig. 4F). In contrast, the 
Rpnl 1 AXA 265 proteasomes were profoundly 
defective for both activities. This result sug- 
gests a compelling biochemical rationale for 
the lethality of rpnllAXA. 

We envision the following sequence of 
steps in the degradation cycle. After binding of 
a multiubiquitinated substrate to the 265 pro- 
teasome, the substrate is unfolded and threaded 
into the 205 core. Concomitantly, the substrate 
is deubiquitinated by the metal loisopeptidase 
activity of Rpnl 1 . If Rpnl 1 activity is blocked, 
we envision that the tetraubiquitin chain target- 
ing signal, which has a diameter of about 28 A 



(as deduced from the crystal structure coordi- 
nates in the Protein Data Bank), would steri- 
cally block further substrate translocation upon 
collision with the entry portal of the 205 pro- 
teasome, which has a diameter comparable to 
that reported for Thermoplasma acidophilwn 
(13 A) (25). Substrate deubiquitination by 
Rpn 1 1 thus defines a new, key step in protein 
degradation by 265 proteasome. Because de- 
ubiquitination of Ub-Sicl requires ATP and is 
not sustained by a free lid or 195 regulatory 
particle, we propose that deubiquitination of a 
substrate is normally coupled tightly to its trans- 
location into the 205 core. Although the mech- 
anism underlying this coupling is unknown, we 
posit that it renders degradation vectorial by 
preventing deubiquitination until the substrate 
is irreversibly committed to proteolysis. 

Eukaryotic proteasomes are distinguished 
from bacterial and archaeal ATP-dependent 
proteases primarily by their dependence on 
ubiquitin and the presence of the lid subcom- 
plex (26). Highly specific targeting of sub- 
strates can be mediated by prokaryotic aden- 
osine triphosphatases (ATPases) (27, 28), and 
Rpt5 ATPase appears to be the proteasomal 
receptor for ubiquitin chains (29). Taken to- 
gether, these observations raise the question 
of why eukaryotic proteasomes have a lid. A 
unifying simplification emerges if one con- 
siders that a major — and perhaps only — func- 
tion of the lid is to serve as a specialized 
isopeptidase that tightly couples the deubi- 
quitination and degradation of substrates. 
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Fig. 4. The JAMM motif is 
not required for assembly or 
peptidase activity of 26S 
proteasomes. but it is re- 
quired for deubiquitination 
and degradation of Ub-Sic1 
in vitro. A set of four con- 
genic strains — RPN1 7 (RJD 
1869). mpr1-1 (RJD 1900), 
mprl-1 RPN11 (RJD 1867). 
and mprl-1 rpnllAXA {RJD 
1868}— -that each expresses 
a chromosomally encoded 
FtagHis 6 -tagged Prel (23) 
were grown at 25°C, and ex- 
tracts were prepared by lys- 
ing with glass beads and 
boiling in SDS sample buffer. 
26S proteasomes were puri- 
fied by Flag affinity chroma- 
tography from these strains 
as well as described in (6). 
(A) Analysis of extracts and 
26S proteasomes by immu- 
noblotting for Rpnll. Ali- 
quots of crude lysate (lanes 
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1 to 4) and purified proteasomes (lanes 5 to 7) were resolved by SDS-PAGE. transferred to nitrocellulose, and 
immunoblotted with antiserum to Padl, the Schizosaccharvmyces pombe Rpnll ortholog (24). (B and C) 
mpr1-1 but not rpnllAXA mutation alters polypeptide composition of 265 proteasome. Proteasomes 
isolated from the indicated strains were fractionated by SDS-PAGE and stained with Coomassie blue. The lid 
subpartide shown in (C) was purified as described in (23). (D) rpnllAXA mutation does not perturb assembly 
of the 19S regulatory partide. Purified 26S proteasomes were evaluated by immunoblotting with antibodies 
specific for the indicated proteasome subunits. (E) The mprl-1 but not rpnllAXA mutation compromises 
assembly and peptidase activity of 26S proteasome. Purified 26S proteasomes were resolved by electro- 
phoresis on a 4% nondenaturing potyacrylamide gel and analyzed by Coomassie blue staining (top) or in-gel 
peptidase activity by incubating with the fluorescent peptidase substrate Suc-liVY-AMC. as described in (6). 
(F) Point-mutant proteasomes with an altered JAMM motif are unable to deubiquitinate and degrade Ub-Sic1 
in vitro. 26S proteasomes were prepared by anti-Flag affinity chromatography from RJD 1867 (mprl-1 
RPN11) and RJD 1868 (mprl-1 rpnll AXA) cells expressing a chromosomally encoded FlagHis 6 -tagged Prel. 
Purified proteasomes were incubated with 2.5 u,M ubiquitin aldehyde at 30°C in the presence or absence of 
100 p,M epoxomicin. Ub-Sic1 and ATP-regenerating system were then added, and degradation was 
monitored as described in Fig. 1. Lanes 1 and 6 contain the 26S proteasome preparations from mprl-1 RPN1 1 
and mprl-1 rpnllAXA, respectively, with no Ub-Sic1 added. The same samples were run on an 8% gel (top) 
as well as a 10% gel (bottom) to better visualize the Ub-Sicl conjugates and unmodified Sicl. 
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Impacts of Soil Faunal 
Community Composition on 
Model Grassland Ecosystems 

M. A. Bradford. 1 * T. H. Jones, 2 R. D. Bardgett, 3 H. I. J. Black. 4 
B. Boag. 5 M. Bonkowski. 6 R. Cook. 7 T. Eggers. 1 A. C. Gange, 8 
S. J. Grayston. 9 E. Kandeler. 10 A. E. McCaig. 1 ^ J. E. Newington. 1 
j. I. Prosser. 11 H. Setala. 12 P. L Staddon. 13 J G. M. Tordoff. 1 
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Human impacts, including global change, may alter the composition of soil 
faunal communities, but consequences for ecosystem functioning are poorly 
understood. We constructed model grassland systems in the Ecotron controlled 
environment facility and manipulated soil community composition through 
assemblages of different animal body sizes. Plant community composition, 
microbial and root biomass. decomposition rate, and mycorrhizal colonization 
were all markedly affected. However, two key ecosystem processes, 
aboveground net primary productivity and net ecosystem productivity, were 
surprisingly resistant to these changes. We hypothesize that positive and neg- 
ative f aunal-mediated effects in soil communities cancel each other out, causing 
no net ecosystem effects. 



Soil fauna are essential to efficient nutrient 
cycling, organic matter turnover, and mainte- 
nance of soil physical structure, processes 
that are key determinants of primary produc- 
tion and ecosystem carbon storage (1-3). 
Consequently, there is considerable concern 
about impacts on ecosystem functioning that 
might result from shifts in the community 
composition of soil fauna mediated through 
global change (4-6). Predictions based on 
theoretical considerations of soil communi- 
ties are ambivalent. Indeterminate and unex- 
pected impacts are predicted from food web 
theory (7, 8). Redundancy is also postulated 
to be common (P), with large changes in 
community composition having minimal ef- 
fects. Anderson (10) argued that net effects 
may be positive, negative, or zero, depending 
on the balance between sink and source pro- 
cesses operating at finer scales. Keystone 
species theory (11) and distinct bacterial ver- 
sus fungal energy channels (12, 13) further 
cloud the predictions. Therefore, an empirical 
approach is essential for predicting the im- 
pacts of shifts in soil community composition 
on ecosystem functioning. 



Pot experiments with soil, soil organisms, 
and sometimes an individual plant or plant 
species have demonstrated the marked poten- 
tial effects of loss of specific soil fauna and 
faunal groups on a range of ecosystem pro- 
cesses (14-16). However, the validity of ex- 
trapolating these studies to the field is ques- 
tionable given the low species numbers of 
soil fauna and plants (if present) typically 
used, the artificiality of the soil, and the 
limited number of variables measured. What 
is required is an approach that manipulates 
the composition of a soil faunal community 
with a species richness more akin to that in 
the field, which includes a multispecies plant 
community and a reconstructed soil profile 
and measures the response of a suite of inter- 
acting variables. To manipulate the soil com- 
munity in the field, and maintain it over 
biologically meaningful temporal and spatial 
scales, is logistically difficult (77). Ecologi- 
cal microcosms make such investigations em- 
inently more feasible. We used the Ecotron 
controlled environment facility (18) to test 
the role of one component of soil community 
composition — namely, assemblages that dif- 



fer in animal body sizes — on carbon flux, 
and microbial and plant community compo- 
sition and abundance. 

We constructed 1 5 terrestrial microcosms 
over a period of 7 months (19) as analogs of 
a temperate, acid, sheep-grazed grassland (a 
habitat that occurs widely across the upland 
regions of northern Britain). We maintained 
the microcosms in the Ecotron under constant 
environmental conditions (19) for a further 
8.5 months. Soil, plants, fauna, and microor- 
ganisms for microcosm construction were 
collected from the grassland (19). Soil fauna 
were assigned to a functional group accord- 
ing to body width (20, 21) of the adult or, if 
the adult was not soil dwelling, largest larval 
stage. Body size provides a good functional 
classification because it correlates with met- 
abolic rate, generation time, population den- 
sity, and food size (22). 
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Editing of ubiquitin conjugates by an isopeptidase in the 26S 
proteasome. 

Lam YA, Xu W, DeMartino GN, Cohen RE. 

Department of Biochemistry, University of Iowa, Iowa City 52242, USA. 

In eukaryotes, ubiquitin (Ub)-dependent proteolysis is essential for bulk 
protein turnover as well as diverse processes including cell-cycle control, 
differentiation, antigen presentation, and the stress response. Generally, 
multiple ubiquitins are added onto a substrate to form an isopeptide-linked 
'polyubiquitin 1 chain, which targets substrates for degradation by the 26S 
proteasome. The specificity of Ub-dependent degradation was thought to 
depend primarily on the selection of targets for ubiquitination, but recently 
we have reported evidence for a second level of specificity in which (poly) 
Ub-protein conjugates are partitioned among two fates: degradation of the 
protein substrate by the 26S proteasome; and disassembly by Ub isopeptidast 
(s) to regenerate the protein substrate. Potentially, an isopeptidase could 
influence degradation by 'editing 1 (poly)Ub-protein conjugates according to 
the extent of ubiquitination rather than the structure of the ubiquitination 
target itself. Here we describe a bovine isopeptidase that is well suited to sue 
an editing function because of its unique localization and specificity. This 
enzyme is an intrinsic subunit of PA700, the 19S regulatory complex of the 
26S proteasome. By disassembling the degradation signal from only the diste 
end of (poly)Ub chains, this isopeptidase can selectively rescue poorly 
ubiquitinated or slowly degraded Ub-protein conjugates from proteolysis. 
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